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ABSTRACT Plague is a flea-borne rodent-associated zoonotic disease caused by Yer-
sinia pestis. The disease is characterized by epizootics with high rodent mortalities,
punctuated by interepizootic periods when the bacterium persists in an unknown
reservoir. This study investigates the interaction between Y. pestis and the ubiqui-
tous soil free-living amoeba (FLA) Acanthamoeba castellanii to assess if the bacte-
rium can survive within soil amoebae and whether intracellular mechanisms are con-
served between infection of mammalian macrophages and soil amoebae. The results
demonstrate that during coculture with amoebae, representative Y. pestis strains of
epidemic biovars Medievalis, Orientalis, and Antiqua are phagocytized and able to
survive within amoebae for at least 5 days. Key Y. pestis determinants of the intracel-
lular interaction of Y. pestis and phagocytic macrophages, PhoP and the type three
secretion system (T3SS), were then tested for their roles in the Y. pestis-amoeba in-
teraction. Consistent with a requirement for the PhoP transcriptional activator in the
intracellular survival of Y. pestis in macrophages, a PhoP mutant is unable to survive
when cocultured with amoebae. Additionally, induction of the T3SS blocks phago-
cytic uptake of Y. pestis by amoebae, similar to that which occurs during macro-
phage infection. Electron microscopy revealed that in A. castellanii, Y. pestis resides
intact within spacious vacuoles which were characterized using lysosomal trackers as
being separated from the lysosomal compartment. This evidence for prolonged sur-
vival and subversion of intracellular digestion of Y. pestis within FLA suggests that
protozoa may serve as a protective soil reservoir for Y. pestis.

IMPORTANCE Yersinia pestis is a reemerging flea-borne zoonotic disease. Sylvatic
plague cycles are characterized by an epizootic period during which the disease
spreads rapidly, causing high rodent mortality, and an interepizootic period when
the bacterium quiescently persists in an unknown reservoir. An understanding of the
ecology of Y. pestis in the context of its persistence in the environment and its reac-
tivation to initiate a new epizootic cycle is key to implementing novel surveillance
strategies to more effectively predict and prevent new disease outbreaks. Here, we
demonstrate prolonged survival and subversion of intracellular digestion of Y. pestis
within a soil free-living amoeba. This suggests the potential role for protozoa as a
protective soil reservoir for Y. pestis, which may help explain the recrudescence of
plague epizootics.
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Plague caused by the Gram-negative bacterium Yersinia pestis is a flea-borne rodent-
associated zoonotic disease with complex natural sylvatic cycles. These cycles are

composed of an interepizootic/quiescent stage that supports the persistence of a Y.
pestis reservoir and an epizootic phase characterized by high rodent mortality rates that
increases the risk of human disease. The plague is difficult to eradicate because it is
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widespread in wild rodents and their associated fleas in foci of endemicity even during
quiescence. The CDC has classified the plague as a reemerging disease since the early
1990s due to the reoccurrence of numerous plague outbreaks following long absences
of the disease. For example, plague has reemerged after 57, 25, and 60 years in Algeria
(1), Libya (2), and Madagascar (3), respectively. Understanding the interepizootic cycle
of plague may shed light on the environmental reservoir of Y. pestis and its role in
plague reemergence.

The plague bacterium, Y. pestis, emerged as a clonal variant of the free-living soilborne
gastrointestinal pathogen Yersinia pseudotuberculosis. Comparative genome sequence anal-
ysis between these two Yersinia species reveals genomic degeneration of Y. pestis
metabolic pathways. Such pathways may normally support a metabolic versatility to
survive freely in the environment over prolonged periods (4–7); instead, Y. pestis
appears to require a flea or rodent host. This supports the long-standing enzootic host
model hypothesis for interepizootic plague persistence, which predicts that plague is
maintained naturally in infected fleas feeding on a heterogeneous population of
susceptible and relatively resistant hosts (8–10). There are, however, several factors that
confound this theory. One is that the bacteremia levels of relatively resistant hosts are
usually too low for flea acquisition of Y. pestis from the blood meal, which would be
required to perpetuate the flea-rodent transmission cycle (11). In addition, a study that
modeled plague reemergence based on a natural gerbil plague ecosystem in Kazakh-
stan, where epizootics occurred every 4 years, convincingly refutes the idea that a
heterogeneous host population can support plague reemergence (9). Furthermore,
surveillance of active plague foci during interepizootic periods does not frequently
recover infected fleas and seropositive rodents. Finally, reemergence and epizootics are
infrequent and can sometimes occur �50 years beyond the life span of fleas and hosts
(1, 3).

An alternative but not mutually exclusive hypothesis is that soil serves as an inter-
epizootic Y. pestis reservoir. This has been experimentally tested under conditions that
assume that Y. pestis is free-living and metabolically active. These studies have been
able to demonstrate the persistence of Y. pestis in soil but only for short periods (8, 10,
12). Ecologists have theorized that ubiquitous free-living soil amoebae could serve as
a reservoir host for Y. pestis. Amoebae as a soil reservoir may reconcile the requirement
for a host for Y. pestis with a soil niche for persistence (13, 14). This idea has been
supported conceptually by two studies: (i) one that demonstrates that Y. pestis is
extracellularly associated with the soil free-living amoeba (FLA) Hartmannella rhysodes,
and (ii) the other, which reports that bacterivorous FLA are present at active plague foci
in Russia (15, 16). More recently, we have demonstrated that Y. pseudotuberculosis, the
clonal ancestor of Y. pestis, is also able to survive within A. castellanii trophozoites and
cysts (17).

Bacterivorous FLA are unicellular eukaryotic organisms that commonly reside in soil
and grow on detritus, from which they absorb organic molecules. Some pathogenic
bacteria are, however, resistant to destruction by FLA and instead remain safely
harbored within these organisms (18, 19). In such cases, FLA serve as a reservoir for
pathogenic bacteria because they provide protection from hostile extracellular envi-
ronments and can facilitate pathogen transmission to susceptible hosts (18, 20). Several
bacterial pathogens, e.g., Legionella pneumophila (19, 21), Mycobacterium marinum (22),
and Vibrio cholerae (23), have been demonstrated to be able to survive and replicate in
amoebae. These pathogens use conserved mechanisms that favor their adaptation and
survival in mammalian host immune cells, including macrophages, to facilitate their
survival within FLA. Macrophages and amoebae are similar in that they both engulf
bacteria by phagocytosis.

In its interaction with mammalian macrophages, Y. pestis has the ability to survive,
replicate, and resist phagocytosis under specific conditions (24–26). The two major
determinants that mediate these abilities are the PhoP transcriptional regulator (27–29)
and the type III secretion system (T3SS) and Yop effector proteins encoded on the pCD1
plasmid (30, 31). The PhoP regulator is required for intracellular survival and directs the

Benavides-Montaño and Vadyvaloo Applied and Environmental Microbiology

July 2017 Volume 83 Issue 13 e00593-17 aem.asm.org 2

http://aem.asm.org


expression of genes involved in resistance to antimicrobial peptides, as well as those
involved in acid, oxidative, and hyperosmotic stresses (27, 32, 33). The T3SS is a
needle-like injectisome protein complex that serves as a conduit to deliver secreted
effector proteins into host cells in order to inhibit phagocytosis (31, 34).

In this study, we address two key questions regarding the Y. pestis-FLA interaction.
The first is whether the FLA A. castellanii phagocytizes Y. pestis and whether the
engulfed bacterium survives this normally destructive process. The second is to deter-
mine whether mechanisms used by Y. pestis to survive within mammalian macrophages
are conserved and allow survival within FLA. The outcomes of these experiments are
presented and discussed in the context of plague survival in the interepizootic period.

RESULTS
Y. pestis is phagocytized and exhibits prolonged survival within A. castellanii

trophozoites. The ability of Y. pestis to be phagocytized by or invade amoebae is
referred to here as invasion frequency and was determined 3 h post-coculture with
initial gentamicin treatment (Fig. 1). The interaction of amoebae with Y. pestis was
unknown; hence, multiplicity of infection (MOI) values of 1 (low) and 100 (high) were
assessed in coculture assays. At an MOI of 100, all strains were phagocytized by
amoebae at a similar frequency of �1% or greater, except for the ΔphoP mutant strain,
which exhibited a significantly lower invasion frequency. This lower invasion frequency
was restored in its isogenic phoP-complemented strain ΔphoP pLG::phoP (Fig. 1). The
invasion frequency at an MOI of 1 relative to that at an MOI of 100 was significantly
lower for all strains, with the exception of the KIM6� and Kuma D7 mutants, which
showed no change in invasion frequency (Fig. 1).

Survival assays were conducted to determine if phagocytized bacteria were able to
survive and/or replicate in amoebae. For these assays, cocultures were maintained in
gentamicin. At MOIs of 1 and 100, all the strains, except for the ΔphoP mutant, were
able to survive over the maximal testing period of 120 h (Fig. 2A and B; see also Fig. S1

FIG 1 Invasion frequency of Y. pestis strains cocultured with A. castellanii ATCC 30010. White bars indicate
an MOI of 1 and gray bars an MOI of 100. Error bars represent mean � standard deviation (SD) of the
results from 3 to 6 independent experiments. Statistically significant differences are indicated by ** for
P � 0.01 and by *** for P � 0.001, and ns means not statistically significant.
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in the supplemental material). In coculture assays conducted at 25°C using an MOI of
100, a significant, approximately 1-log10 decrease in CFU occurs in the first 24 h in all
strains, except for CO92 and the phoP-complemented strain (Fig. 2A). A further small
and gradual decrease in the number of intracellular bacteria was observed by 5 days of
coculture; nevertheless, intracellular CFU were maintained between 103 and 104

CFU/ml for all strains by 5 days of coculture. In contrast, at an MOI of 1, there was no
significant decrease in bacterial CFU in the first 24 h, and no difference in the bacterial
CFU was noted between 72 h and 120 h (Fig. S1).

Coculture assays conducted at 4°C (Fig. 2B) were aimed at assessing prolonged
intra-amoebal survival of Y. pestis under temperature conditions that mimicked burrows
during interepizootic winter months. For these assays (Fig. 2B), a trend similar to that
described above for 25°C incubation assays was observed, except that here all strains
survived within a range of 103 to 102 CFU per ml at 5 days post-coculture. We do
observe a tendency for infected amoebae to slough off more easily during washing
steps after prolonged coculture incubations at 4°C than at 25°C. This results in some
loss of infected amoebae during washing steps.

The rapid decrease in bacterial CFU in the first 24 h at an MOI of 100 (Fig. 2A and
B) versus no decrease at an MOI of 1 (Fig. S1) may suggest that phagocytic saturation
of amoebae occurs at high MOIs, limiting bacterial uptake and resulting in bacterial
exocytosis and subsequent extracellular killing by gentamicin. The Y. pestis strains used
in this study are able to efficiently replicate at similar rates in protease peptone-yeast
extract-glucose (PYG) medium (data not shown). As such, we reasoned that if phago-
cytic saturation occurs, in the absence of gentamicin maintenance, exocytosed bacteria
would be able replicate extracellularly and reinvade amoebae. At the higher MOI of 100,
we would then expect constant intracellular bacterial CFU, but using an MOI of 1,

FIG 2 Prolonged intra-amoebal survival of Y. pestis strains. Intracellular survival of Y. pestis in cocultures
maintained in gentamicin at 25°C (A) and 4°C (B). Error bars represent the mean � SD of the results from
3 to 6 independent experiments. Horizontal bars indicate comparisons between two time points.
Statistically significant differences are indicated by ** for P � 0.01 and by *** for P � 0.001, and ns
means not statistically significant.
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bacterial CFU should increase until saturation is achieved. This was tested in coculture
assays without gentamicin maintenance dosing in representative KIM5, KIM6�, and
KIM5 T3SS mutant strains. Consistent with our predictions, no significant difference in
intracellular bacterial CFU was noted between 2 h and 120 h using an MOI of 100. In
contrast, using an MOI of 1, an increase in CFU was observed for both KIM5 and the
KIM5 T3SS mutant, with no subsequent significant difference in CFU for either of these
strains between MOI 1 and 100 cocultures by 24 h and 120 h post-coculture (Fig. 3).
Light microscopy was used to monitor coculture experiments to ensure the amoebae
remained in trophozoite form during coculture.

Y. pestis is localized in spacious vacuoles within A. castellanii trophozoites.
Electron microscopy was used to identify the intracellular niche of phagocytized Y.
pestis. Vacuoles and pseudopodia (used to phagocytize food particles) are visible in
both the uninfected (Fig. 4A) and infected (Fig. 4B and C) trophozoites, indicating that
amoebae were not compromised upon infection with the bacteria and that they remain
metabolically active. Lactate dehydrogenase release, an indicator of cytotoxicity, was
not different between monocultures of bacteria or amoebae or in cocultures (Fig. S2).
The KIM5 strain cultured with amoebae at an MOI of 100 at 24 h (Fig. 4B) and 7 days
(Fig. 4C) showed that these bacteria are located within large spacious vacuoles sur-
rounded by an intact membrane.

FIG 3 Prolonged intra-amoebal survival of Y. pestis KIM strains in the absence of gentamicin. Intracellular
survival of Y. pestis excluding gentamicin maintenance of cocultures at 25°C. Error bars represent the
mean � SD of the results from 3 to 6 independent experiments. For assays with KIM5 (blue), KIM6�

(orange), and the KIM5 T3SS mutant (yellow), horizontal bar indicates comparison between two time
points at an MOI of 100, while vertical bar indicates comparisons between MOI of 1 (triangles) and 100
(circles). ns means not statistically significant.

FIG 4 Transmission electron micrographs of A. castellanii ATCC 30010 infected with Y. pestis KIM5. (A) An uninfected amoeba trophozoite. (B and C) Amoeba
trophozoite infected with Y. pestis localized within spacious vacuoles at 24 h (B) and 7 days (C) post-coculture using MOI of 100. White arrows point to
intracellular Y. pestis. V, vacuole; M, mitochondria; N, nucleus; P, pseudopodia.
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Induction of the T3SS prevents phagocytic uptake of Y. pestis by A. castellanii.
The T3SS is known to be a major antiphagocytic determinant that prevents phagocy-
tosis of Y. pestis by mammalian macrophages (24, 31). To determine if this function is
conserved in the Y. pestis-amoeba interaction, the invasion frequency and early survival
of the KIM5 (T3SS positive) and a KIM5 T3SS mutant were compared after growing
these strains under conditions known to induce T3SS expression (low Ca2� and 37°C).
Under T3SS-inducing conditions, significantly fewer to no KIM5 bacteria were recovered
from amoebae (Fig. 5A) relative to the bacterial recovery observed for the KIM5 T3SS
mutant.

One explanation for the inability to recover intracellular KIM5 bacteria during T3SS
induction could be that these bacteria are being killed. To further explore this idea, we
assessed intracellular survival of KIM5 and the KIM5 T3SS mutant at earlier time points
(Fig. 5B), with the expectation that greater CFU of KIM5 bacteria would be recovered at
much earlier time points if they were being killed by 3 h postinfection. Additionally, this
assay was conducted in the absence of gentamicin to allow continuous bacterial
phagocytosis to ensue without extracellular killing, to essentially enumerate newly
phagocytized bacteria. At 15-min intervals for the first 1.5 h of coculture, the KIM5 T3SS
mutant was consistently recovered but not the KIM5 strain (Fig. 5B).

In an alternate experiment that aimed to visually determine if KIM5 bacteria were
subject to intracellular killing during T3SS induction, the percentage of bacteria that
were located intracellularly versus extracellularly when associated with amoebae was
determined. An immunofluorescence microscopy staining technique (35) which was
based on colocalization of indirect Alexa Fluor 594 fluorescence from bound Y. pestis-
specific antibodies (�rF1) with green fluorescent protein (GFP)-expressing Y. pestis was
used. Antibody accessibility to Y. pestis cells depended on their localization and the
permeability of infected amoebae. Almost 100% of the KIM5 bacteria identified to be
associated with amoebae appeared to reside extracellularly (Fig. 6A and B), while no
KIM5 bacteria were detected intracellularly (Fig. 6A). In contrast, only a few induced
KIM5 T3SS mutant bacteria appeared to reside extracellularly, while between 80 and
100% localized intracellularly (Fig. 6A and B). Overall, it was more difficult to find
bacteria associated with the amoebae in cocultures with KIM5 than with the KIM5 T3SS
mutant.

The Y. pestis containing vacuole does not fuse with the lysosome. To under-
stand if Y. pestis survives by subverting intracellular destruction, trafficking of the
Yersinia-containing vacuole (YCV) through the endocytic pathway was characterized. To

FIG 5 A. castellanii ATCC 30010 phagocytosis of Y. pestis KIM5 and KIM5 T3SS mutant grown under
T3SS-inducing conditions. (A) Invasion frequency and early survival (3 h postinfection) of Y. pestis KIM5
and KIM5 T3SS mutant cocultured with A. castellanii ATCC 30010 under T3SS-inducing conditions. (B)
Early intracellular survival of KIM5 (blue) and KIM5 T3SS mutant (yellow). �, intracellular CFU of bacteria
per milliliter ; Œ, CFU of bacteria per milliliter before wash; }, CFU of bacteria per milliliter after wash.
Error bars represent means � SD of the results from at least 3 independent experiments. Statistically
significant differences are indicated by *** for P � 0.001.
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mark the lysosome-endosome trafficking processes of A. castellanii, bovine serum
albumin conjugated with colloidal gold nanoparticles (BSA-CGN) was used (27, 36). The
BSA-CGN are first pinocytosed by the cell and traffic to localize within lysosomal
compartments (27). Following the preloading of lysosomal compartments with BSA-
CGN, amoebae were cocultured with either 1.1-�m latex beads, which serve as a
positive control for trafficking via the canonical endocytic pathway, or with the KIM5
strain. At 2 h postinfection, �90% of latex beads (Fig. 7A and B) were observed to be
colocalized with BSA-CGN in a single compartment; in contrast, �10% of Y. pestis
bacteria were similarly colocalized with BSA-CGN (Fig. 7A and D). A similar trend of
colocalization prevailed at 24 h of coculture (Fig. 7A, C, and E). Consistent with the
above-mentioned observations, a qualitative analysis of a coculture of amoebae with
latex beads and Y. pestis simultaneously revealed the presence and absence of BSA-
CGN colocalization with latex beads and bacteria, respectively (Fig. S3).

FIG 6 Intra-amoebal localization of GFP-expressing Y. pestis KIM5 and KIM5 T3SS mutant strains grown
under T3SS-inducing conditions. Percent extracellular (Extra; nonpermeabilized infected amoebae, gray
bars) or intracellular (Intra; permeabilized infected amoebae, white bars) Y. pestis. (A) Localization of
bacteria was determined in 50 permeabilized and nonpermeabilized amoebae associated with GFP-
expressing Y. pestis in each of two independent experiments per strain. Values are the means, and error
bars represent the SD. Statistically significant differences are indicated by * for P � 0.0001. (B) Infected
amoebae visualized using phase-contrast light microscopy and fluorescence microscopy showing colo-
calization or not of GFP-expressing bacteria and Alexa Fluor 594 red fluorescence (�rF1 antibody binding)
to indicate extracellular (nonpermeabilized) or intracellular (permeabilized) localization of bacteria in
association with amoebae. White arrows indicate Y. pestis cells.
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DISCUSSION

This study demonstrates that Y. pestis strains belonging to different epidemic
biovars (37, 38) are phagocytized and can survive within trophozoites of the ubiquitous
soil amoeba A. castellanii by subverting intracellular digestion in phagosomal compart-
ments. Collectively, our coculture data in the absence and presence of gentamicin use
indicate that Y. pestis survives for a prolonged period of time in amoebae without
replicating and can likely exit amoebae and replicate extracellularly to reinvade.

The molecular mechanisms employed by some bacterial pathogens to infect mam-
malian macrophages are conserved during interactions with their amoeba hosts, most

FIG 7 Phagosome trafficking of Y. pestis KIM5 using gold nanoparticles to track lysosomes. (A) Percent
colocalization of Y. pestis or 1.1-�m latex beads with 10 nm of BSA conjugated with colloidal gold
nanoparticles (BSA-CGN) in A. castellanii ATCC 30010 vacuoles was determined from 50 infected
phagosomes at 2 h and 24 h postinfection for each of 2 independent experiments. All data are given as
means � SD. Statistically significant differences are indicated by **** for P � 0.0001. (B and C)
Colocalization of BSA-CGN with latex beads at 3 h (B) and 24 h (C). (D and E) Lack of colocalization of
BSA-CGN with Y. pestis KIM5 at 3 h (D) and 24 h (E). Black asterisks indicate latex beads in panels B and
C and Y. pestis in panels D and E. Arrows indicate lysosomal compartments loaded with BSA-CGN.
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notably demonstrated with L. pneumophila (18, 19, 39, 40). This was similarly observed
in the interaction of Y. pestis and amoebae. The inability of the ΔphoP mutant to survive
in FLA trophozoites is consistent with its phenotype in murine macrophages (27–29).
PhoP is therefore a conserved factor required for intracellular survival in A. castellanii.
PhoP is a transcriptional regulator, which together with PhoQ, a sensory histidine
kinase, comprises a two-component phosphorelay signal transduction system that
couples the sensing of an environmental stimulus with coordinately responding to it
(27, 32, 41). In Y. pestis, PhoP directs the regulation of a global stress response that
facilitates adaptation of the bacterium to physiologically challenging conditions (e.g.,
low pH, osmotic stress, oxidative stress, low Mg2�) and resistance to antimicrobial
peptides in macrophages (27, 28). Whether or not comparable physiological stresses
occur in the amoeba phagosome is unknown. Similarly, while the amoeboid protozoa
Entamoeba histolytica and Naegleria fowleri produce antimicrobial peptides called amoe-
bapores (42), the A. castellanii antimicrobial response represents a knowledge gap.

Our data show that the T3SS exhibits a conserved ability to confer resistance to Y.
pestis phagocytic uptake whether in amoebae or in mammalian macrophages (31).
Intracellular killing was ruled out as a contributing factor to the absence of recovery of
Y. pestis from KIM5 cells that were cultured under T3SS-inducing conditions, because at
earlier time points post-coculture, bacteria were neither recovered nor observed to be
localized within the amoebae. As with mammalian macrophages, when these factors
are maximally expressed, Y. pestis KIM5 avoids being taken up by phagocytic amoebae,
a phenotype that is lost in the T3SS mutant.

Additionally, an incidental observation regarding another antiphagocytic factor has
been revealed in our experiments in which we used the anti-F1 antibody to determine
the localization of Y. pestis during T3SS induction. The anti-F1 antibody is raised against
the F1 capsule which surrounds the bacteria during growth at 37°C. The F1 capsule
contributes to blocking phagocytic uptake of Y. pestis in macrophages at a significantly
lower rate than the T3SS (43). Our study suggests that although the F1 capsule is
expressed by Y. pestis during coculture with amoebae, it may not effectively block
phagocytosis, as Y. pestis cells expressing this factor are found intracellularly in the
absence of T3SS production. The mechanism of inhibition of phagocytosis by the F1
capsule is not defined, but it is suggested that it shields a receptor that is required for
active phagocytosis by macrophages (43); perhaps a similar mechanism of phagocytic
uptake of Y. pestis is not present in amoebae.

Nonetheless, the T3SS-inducing temperature of 37°C is not expected to be reached
within the subterranean rodent burrow, which is negligibly affected by climatic fluc-
tuations (44, 45); as such, there is minimal likelihood for this factor to be activated in
rodent burrows. In the natural environmental interaction of Y. pestis with FLA, the
absence of T3SS induction would serve to enhance phagocytosis of Y. pestis.

Another conserved strategy that intracellular pathogens employ to avoid being
digested within macrophages and amoebae is to disrupt the canonical endocytic
trafficking pathways. For example, phagosome-lysosome fusion is inhibited by patho-
gens L. pneumophila (46, 47), Francisella tularensis (36), and Campylobacter jejuni (48),
which reside in phagosomes within macrophages and amoebae. By virtue of the
lack of colocalization of Y. pestis with BSA-CGN, our data implicate a similar strategy
of inhibition of phagosome-lysosome fusion for Y. pestis within A. castellanii. This may
differ from the Y. pestis interaction within mammalian macrophages. Within murine
macrophages, Y. pestis strains reside mainly in immature phagolysosomes (28), which
exhibit partial acidification. Acidification is suggested to optimize the phagosome-
lysosome fusion event (28, 49). In the case that bacteria are phagocytized by macro-
phages, they usually replicate and are able to evade intracellular digestion and exit
quickly to continue an extracellular infectious cycle in the mammalian host within 24
h postinfection (26, 50, 51). Residence of Y. pestis within macrophages is therefore
short-lived, whereas amoebae may serve as a refuge for Y. pestis in the environment,
and prolonged exposure to an acidified phagosomal compartment may not favor
prolonged intracellular survival of Y. pestis.
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Collectively, our data envisage a model (Fig. 8) for how Y. pestis persists in the
environment within protozoa and how this interaction may serve to activate an
epizootic event. At plague foci, protozoa may be found within warmer, humid, and
richly organic soil in rodent burrows. During epizootics, Y. pestis initially enters the
burrow soil from a decomposing carcass of a rodent or flea that has succumbed to
plague or from infected flea feces and is subsequently phagocytized by ubiquitous soil
protozoa. Once phagocytized, bacteria can survive in the same trophozoite host or be
taken up by the same or other trophozoites after exocytosis. During winter months or
following rodent die-off from plague, protozoa serve as a Y. pestis reservoir, with a
limited possibility of encountering rodents. Once favorable environmental conditions
(e.g., warmer temperatures and increased humidity) resume during spring through
early autumn, there is an increase in rodents and fleas and a possibility for renewal of
the epizootic disease phase. The large number of active and foraging rodents may
acquire Y. pestis-infected trophozoites via intranasal transmission or through con-
tact with an open wound. Transmission to mice and subsequent development of
enhanced pulmonary infection have been experimentally shown in a study that
introduced L. pneumophila-infected amoebae to mice intratracheally (20). Once an
infected rodent acquires Y. pestis by flea bite, the flea could in turn transmit the
pathogen to another rodent host. At this point, reemergence of plague from its
quiescent phase can initiate the epizootic cycle.

In an alternate hypothetical scenario, soil protozoa may phagocytize Y. pestis while
seeking nutrition from infected flea feces. In turn, protozoa infected with Y. pestis may
be consumed by flea larvae feeding on adult feces. Amoeba trophozoites have been
found in the hindgut of fleas (52), supporting this postulation. Although there is no
evidence for transstadial transmission of Y. pestis, these infected larvae, once they have
emerged into adult fleas, may support propagation of Y. pestis and development of a
transmissible infection.

The duration of prolonged intra-amoebal survival of Y. pestis that may support our
hypothetical model for how FLA may serve as a reservoir host for Y. pestis is unknown.
It is likely heavily impacted by complex seasonal dynamics between the biota and

FIG 8 Hypothetical interepizootic plague cycle depicting the putative role of amoebae during these periods. A black
question mark is used to indicate hypothetical infection routes. Refer to the Discussion for details.
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abiotic components within the burrow environment. Further testing in the context of
a burrow ecosystem over months or even years may be required to determine Y. pestis
prolonged viability in FLA naturally. It is also tempting to speculate that Y. pestis can
survive within amoeba cysts over prolonged periods and that plague reemergence
may then occur coincidentally with excystation of amoebae upon return of favorable
environmental conditions. Accordingly, we have demonstrated that Y. pseudotubercu-
losis can survive in cysts of A. castellanii over a short period of time (17). Nevertheless,
our data serve as a proof or principle that is consistent with the non-mutually exclusive
hypothesis that FLA may serve as a reservoir host for Y. pestis during the interepizootic
period.

Species of Acanthamoeba and other FLA are ubiquitous in plague foci in the Caspian
region in Russia and Colorado, USA (16, 53). The lack of detection of soilborne Y. pestis
in areas endemic for the organism during interepizootic periods may be related to the
bacteria surviving within a protozoan host rather than freely in the soil. A confounding
factor in detection may be an overall low prevalence of intra-amoebal Y. pestis and
inaccessibility due to its occurrence only deep within the rodent burrows. Indeed, a
�1% rate of persistence of bacteria was observed in our coculture assays. As such, it is
foreseeable that specialized sample acquisition, preparation, and determination of the
lower limits of detection of Y. pestis may be required to detect intraprotozoal Y. pestis
at plague foci. Our findings could serve to inform the development of new methods for
plague surveillance and detection. Importantly, this study may open a new avenue of
investigation into the mystery of how plague persists in between epizootics.

MATERIALS AND METHODS
Bacterial cultures. For this study, attenuated Y. pestis variants of strains KIM, CO92, and Kuma

belonging to epidemic biovars Medievalis, Orientalis, and Antiqua (37, 38), respectively, were used. Y.
pestis was first cultured overnight in brain heart infusion (BHI) broth from �80°C glycerol stocks at 25°C
with shaking aeration and then subcultured at a 1:10 dilution until mid-log phase (�4 h) at 25°C or 37°C
in the same medium for subsequent experiments. To understand if known antiphagocytic and intracel-
lular survival factors essential for Y. pestis interaction with macrophages were conserved in its interaction
with A. castellanii, a KIM5 ΔyopE-sycE::kan ΔyscV mutant, which essentially renders the bacterium T3SS
deficient (KIM5 T3SS mutant) (54), and a PhoP mutant (KIM6� ΔphoP) (41) were used in coculture studies.
In addition, strains were also transformed with the plasmid pMMB207gfp3.1 (28), which encodes green
fluorescent protein (GFP), to monitor Y. pestis-amoeba interactions using fluorescence microscopy. All
strains are described in Table 1.

In studies requiring induction of the T3SS, bacteria were subcultured twice in succession at 37°C in
BHI medium supplemented with MgOx (20 mM sodium oxalate and 20 mM MgCl2) (37, 55). The presence
of the pCD1 plasmid in the KIM5 strains was confirmed by PCR analysis using a pCD1-specific primer set
obtained from BEI Resources (catalog no. NR-9562). To confirm that the KIM5 strain maintained the T3SS
phenotype, bacteria were grown on BHI supplemented with MgOx and incubated at 26°C and 37°C, as
previously described (55). To confirm that the pgm-positive strains retained this phenotype, these strains
were grown on Congo red agar, as previously described (56).

Cultivation of A. castellanii. A. castellanii (Douglas) Page amoebae (ATCC 30010) were maintained
axenically in protease peptone-yeast extract-glucose (PYG) medium (ATCC recipe [http://www.atcc.org/
products/all/30010.aspx#culturemethod]) at ambient room temperature (25°C) in culture flasks. The
adherent amoebae were harvested by scraping the flasks to dislodge amoebae and were centrifuged
(300 � g, 5 min). Amoebae were then washed and resuspended in nutrient-rich PYG medium. Amoebae
were enumerated using a Petroff-Hausser counting chamber prior to seeding of these cells in a 24-well

TABLE 1 Yersinia pestis strains used in this studyc

Y. pestis strain Biovar Intracellular factor profile Reference(s)

KIM5 Δpgm pCD1� pMT1� pPCP1�a Medievalis phoP�, T3SS� 63
KIM5 Δpgm pCD1� pMT1� pPCP1� (ΔyopE-sycE::kan ΔyscV)b Medievalis phoP�, T3SS� 54
KIM6� pgm� pCD1� pMT1� pPCP1� Medievalis phoP�, T3SS� 64, 65
KIM6� ΔphoP pgm� pCD1� pMT1� pPCP1� Medievalis ΔphoP, T3SS� 41
KIM6� ΔphoP pLG::phoP pgm� pCD1� pMT1� pPCP1� Medievalis phoP�, T3SS� 41
Colorado 92 (CO92) pgm� pCD1� pMT1� pPCP1� Orientalis phoP�, T3SS� 66
Kuma D7 pgm� pMT1� pPCP1� pCD1� Antiqua phoP�, T3SS� 67
aDesignated KIM5 for this study.
bDesignated KIM5 T3SS mutant for this study.
c“�” indicates the absence of a plasmid or the T3SS; “�” indicates the presence of a plasmid, gene, or T3SS.
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tissue culture plate. The viability of A. castellanii trophozoites was confirmed using trypan blue exclusion
staining (57).

For coculture studies of bacteria with amoebae, approximately 2.5 � 105 viable trophozoites/ml were
seeded per well of the tissue culture plate and allowed to adhere to the well overnight at 25°C. All
coculture studies were performed at 25°C, except for when indicated that coculture was conducted at
4°C.

Bacterial entry and intracellular survival assays in PYG medium. The lower (4°C) and upper (25°C)
limits of the Acanthamoeba species growth (58) range are expected in subterranean rodent burrows
during seasonal interepizootic and epizootic periods, respectively (59). The phagocytosis of Y. pestis by
FLA is expected to initially occur in burrows during epizootic plague events when this pathogen is
abundant. As such, to determine if Y. pestis can invade or be phagocytized by amoebae, bacteria were
cocultured with amoebae at a multiplicity of infection (MOI) of 100 (2.5 � 107 bacterial/ml) or 1 (2.5 �
105 bacteria/ml) at 25°C. This temperature coincides with optimal in vitro laboratory growth conditions
for Y. pestis. Following coculture of Y. pestis and amoebae for 2 h, 100 �g/ml gentamicin was added to
the medium, and incubation was continued for a further 1 h. We determined that this gentamicin dose
was minimally sufficient to kill extracellular bacteria in the PYG medium used for coculture (data not
shown). The infected amoebae were then washed thrice to remove dead bacterial cells and debris, after
which they were lysed with 0.2% Triton X-100 for 10 min to release intracellular bacteria. The lysates were
immediately serially diluted and plated on BHI agar. The same was done for the washes to ensure that
total extracellular bacterial killing occurred. Following incubation for 48 h at 28°C, the CFU per milliliter
were enumerated. The CFU of Y. pestis per milliliter determined in this part of the assay was used to
determine the invasion frequency and early survival of Y. pestis in amoebae at 3 h postinfection.

To assess if Y. pestis strains that have been phagocytized could survive and replicate intracellularly in
FLA trophozoites over time, intracellular bacteria were processed as described above after incubation of
the coculture for 24 h, 48 h, 72 h, and 120 h after the initial 1-h treatment with gentamicin. Five days (120
h) was defined as a “prolonged period,” given that the typical time frame for the Y. pestis intracellular life
stage in macrophages is suggested to be �1 h to 24 h (50, 51, 60). Assays to determine prolonged
survival of intra-amoebal Y. pestis were conducted at temperatures of 25°C and 4°C to reflect the
epizootic and seasonal interepizootic cycles of Y. pestis.

These assays were performed with a gentamicin maintenance regimen comprising maintenance of
the coculture in gentamicin that was refreshed every 24 h. The appropriate effective gentamicin
concentration was determined for each strain (data not shown): KIM5, 6.5 �g/ml; KIM6�, 20 �g/ml; CO92,
5 �g/ml; and Kuma, 25 �g/ml. To assess intracellular survival in the absence of extracellular bacterial
killing, assays using an MOI of 100 and an MOI of 1 were also conducted for the KIM5, the KIM6�, and
the KIM5 T3SS mutant strains. Here, the initial 100 �g/ml gentamicin treatment for 1 h that followed the
initial coculture at 2 h was carried out but with no subsequent gentamicin maintenance dosing.

Survival at time points earlier than that used to determine invasion frequency was used to assess the
effect of T3SS induction on the ability of Y. pestis to be phagocytized in the KIM5 and KIM5 T3SS mutant
strains. This assay was performed in a manner similar to that described above, except that gentamicin
was not added, and lysis was conducted every 15 min for the initial 1.5 h of coculture. Extracellular
medium was plated before washing and lysis to enumerate extracellular bacteria.

All experiments were performed using 3 to 6 independent biological replicates, each composed of
three technical replicates.

Phagosome trafficking assays using BSA-CGN. To monitor phagosome trafficking by Y. pestis in
amoebae, 10-nm BSA-CGN (optical density of 2 at A520; Electron Microscopy Sciences) was used (27).
BSA-CGN was first dialyzed (SpectraPor; molecular weight cutoff [MWCO], 6 to 8 kDa) in 1� phosphate-
buffered saline (PBS) overnight to remove sodium azide. FLA trophozoites at a density of 2.5 � 105

cells/cm2 were incubated in T25 culture flasks overnight at 25°C. The cells were washed twice and
incubated with 1.5 ml of dialyzed BSA-CGN solution supplemented with 10% PYG medium for 4 h (pulse),
allowing the pinocytic internalization of these particles by endosomes. Extracellular BSA-CGN was
removed by washing amoebae twice with 1� PBS, and incubation was allowed to continue for a further
2 h (chase) in PYG medium to allow accumulation of the BSA-CGN in lysosomes. Following this step, cells
were washed twice again and inoculated for 2 h and 24 h with 1.1-�m polystyrene latex beads (LB11;
Sigma), or Y. pestis KIM5 at an MOI of 100. All samples were treated with gentamicin in a manner similar
to the description above for the invasion frequency and survival assays.

Electron microscopy. To prepare samples for transmission electron microscopy (TEM), the amoebae
infected at an MOI of 100 were first detached from culture flasks by shaking and were concentrated by
centrifugation (800 � g, 5 min). The supernatant was discarded, and samples were fixed in 4%
paraformaldehyde (PFA) for 1 h and postfixed overnight in 2% paraformaldehyde and 1.25% glutaral-
dehyde (Acros, Morris Plains, NJ) in 0.1 M sodium cacodylate. Samples were stained using the lipid stain
2% osmium tetroxide for 24 h and dehydrated after two rinses with buffer in an increasing ethanol series.
Dehydrated samples were embedded in a resin and cut into ultrathin sections (�70 to 100 nm), which
were stained with uranyl acetate and Reynold’s lead citrate. Samples were examined with a Philips
CM100 transmission electron microscope (TEM T20; FEI, at the Franceschi Microscopy and Imaging
Center at WSU) operating at 80 kV (17).

Immunofluorescence microscopy to distinguish extracellular from intracellular bacteria asso-
ciated with amoebae. For immunofluorescence microscopy, glass coverslips were laid down in each
well prior to seeding of amoebae and coculture, as described above. Bacteria harboring the GFP-
encoding plasmid were used. Following a 1-h coculture under conditions of T3SS induction, amoeba
monolayers infected with KIM5 or the KIM5 T3SS mutant at an MOI of 1 were washed thrice with 1� PBS
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and then fixed with 4% PFA at 37°C for 20 min. To determine if bacteria were extracellular, infected
amoeba monolayers were incubated with a 1:500 dilution of a polyclonal Y. pestis-specific anti-F1-antigen
(�rF1, NR-31024; BEI Resources) without permeabilization for 1 h, followed by three washes with 1� PBS.
Next, the infected amoeba monolayers were incubated with a rabbit anti-goat IgG Alexa Fluor 594
secondary antibody (Thermo Fisher).

To determine if bacteria resided intracellularly, infected amoeba monolayers were first permeabilized
with 0.2% Triton X-100 for 3 min, incubated in ice-cold 100% methanol for 2 min, and then fixed and
stained as described above. The coverslips were mounted on slides and examined by epifluorescence
microscopy using a Leica DMi8 and a 40� objective. A camera was used to sequentially capture Alexa
Fluor 594 (red, tetramethyl rhodamine isocyanate [TRITC] cube, excitation [Ex] 590/50, emission [Em]
617/50), GFP (green, Ex 470/40, Em 525/50), and phase-contrast images. Similar assays have been
published (35, 61, 62).

The percentage of extracellular bacteria was determined from nonpermeabilized infected amoeba
monolayers by counting the number of bacteria that fluoresced red (bound antibody) out of 100 (50 each
from two independent experiments) amoebae that associated with GFP-expressing bacteria. The number
of intracellular bacteria was determined similarly in permeabilized infected amoeba monolayers.

Statistical analysis. The GraphPad Prism 5.0 software was used for statistical analysis of all data. For
invasion assays, a one-way analysis of variance (ANOVA) and a post hoc Bonferroni’s multiple-comparison
test were conducted. For survival assays, a one-way ANOVA and a Bonferroni multiple-comparison
posttest were performed to determine differences between relevant time points. Student’s t tests were
used to determine differences between MOIs at different time points and for differences in extracellular
and intracellular bacteria in immunofluorescence assays. For phagosome trafficking assays, statistical
analyses were performed using a two-way ANOVA with a Bonferroni multiple-comparison posttest to
compare replicate means.
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